High-fidelity chromosomal segregation requires the properly timed establishment of sisterchromatid cohesion mediated by the Cohesin complex, and its resolution at the metaphaseto-anaphase transition. We have examined cell-cycle progression in a yeast strain from which the origin recognition complex protein Orc2 was depleted after the assembly of prereplication complexes. We find that Orc2 depletion causes a delay in progression through mitosis, reflecting activation of both the DNAdamage and Mad2-spindle checkpoints. Surprisingly, sister-chromatid cohesion is impaired in Orc2-depleted cells, although Cohesin subunits are properly associated with chromatin. Reexpression of Orc2 in late G2/M phase restores chromatid cohesion. Finally, the targeting of Orc2 to a specific chromosomal locus suppresses premature sister-chromatid separation locally in a temperature-sensitive cohesin mutant. We conclude that ORC mediates sisterchromatid interaction on a pathway that is additive with Cohesin-mediated pairing.
INTRODUCTION
Accurate genome duplication and equal segregation of duplicated chromosomes into daughter cells are crucial steps in cell proliferation. To achieve this, sister chromatids are initially held together following their replication. A large ring-like complex, known as Cohesin, serves to link the two sisters such that they resist the pulling force of microtubules until the metaphase-to-anaphase (M-A) transition (reviewed by Nasmyth and Haering, 2005; Uhlmann, 2004) . The Cohesin complex includes two members of the SMC family of coiled-coil proteins, as well as Scc1 and Scc3, a kleisin or ''closure'' protein (Schleiffer et al., 2003) .
The M-A transition itself is controlled by the E3 ubiquitin ligase complex APC (anaphase-promoting complex).
Once activated by Cdk1 (ScCdc28), the APC targets Securin (ScPds1) for ubiquitin-mediated degradation. Throughout most of the cell cycle, Securin binds and inhibits Separase (ScEsp1), a protease that selectively cleaves the Scc1 component of Cohesin. In mid-mitosis Securin is degraded, allowing Separase to cleave the closure component of Cohesin and ensure a controlled separation of sister chromatids. This, together with the release of the Cdc14 phosphatase from the nucleolus, regulates the M-A transition, as well as progression through anaphase (reviewed by de Gramont and Cohen-Fix, 2005) .
The coordination of distinct cell-cycle events such as chromosome replication and segregation is ensured by surveillance mechanisms called checkpoints. If an essential cell-cycle event has not been accurately completed, checkpoint activities will delay either the G1-S or the G2-M transition, until the error is repaired. Two major pathways can prevent the G2-M transition, one in response to DNA damage and the other in response to defects in spindle attachment to centromeres. In budding yeast S. cerevisiae, unlike other eukaryotes, the DNA-damage checkpoint does not lead to the downregulation of CDK activity at the G2-M transition, but rather inhibits two major M-phase events (Sanchez et al., 1999) . First, it prevents the M-A transition by phosphorylating and stabilizing Securin (ScPds1). Securin phosphorylation is mediated by a checkpoint effector kinase, Chk1, which is activated by the central checkpoint kinase Mec1-Ddc2. Mec1 also activates a second effector kinase, Rad53. In this second branch of the damage checkpoint, Rad53 inhibits Pololike kinase Cdc5, which in turn controls multiple aspects of the G2-M transition (reviewed by Barr et al., 2004) .
The Mad2-spindle checkpoint responds to impaired microtubule-kinetochore attachment and, like the DNAdamage pathway, acts by stabilizing Pds1. However, in this case stabilization is achieved by the inhibition of APC CDC20 . Mad2 protein binds and inhibits Cdc20, blocking Pds1 degradation by APC CDC20 . In S. cerevisiae, therefore, both the Mad2-spindle checkpoint and a branch of DNA-damage checkpoint converge to stabilize Securin, and each branch is able to block untimely M-A transitions (reviewed by Clarke and Gimenez-Abian, 2000) .
It was recently reported that temperature-sensitive mutations in components of the prereplication complex (pre-RC), such as orc5-1, orc2-1, or mcm2-1 mutations, provoke an arrest or delay in mitosis, rather than stalling at the G1/S boundary, as would be expected for defects in the initiation complex (Dillin and Rine, 1998) . While this could reflect an impact of replication on mitotic events, it was argued that the origin recognition complex (ORC) might also have a mitotic function. Consistently, genetic analyses showed a synthetic growth defect when orc5-1 was combined with mutations in genes that affect sister-chromatid cohesion (SCC) (Suter et al., 2004) . However, it was unclear how a conditional ORC defect might exacerbate mitotic defects, or how a cohesion deficiency could inactivate a weakened ORC complex to provoke cell death.
ORC is a highly conserved, six subunit complex that nucleates the early G1-phase loading of the mini chromosome maintenance (MCM) helicase at origins by recruiting Cdc6 and Cdt1 (reviewed in Bell, 2002) . The MCM complex is essential for both the initiation and elongation of DNA replication (Labib et al., 2000) . Although the level of Orc1 in some metazoan cells is controlled in a cell-cycledependent manner, ORC subunits are generally present in excess over functional origins (Shimada et al., 2002) . Moreover, budding yeast ORC, unlike the MCM complex, remains origin bound throughout the cell cycle (Bell, 2002) .
Recent data suggest that ORC has roles in chromosome biology beyond pre-RC formation. For instance, ORC recruits the Silent information regulator Sir1 to silent mating-type loci (HML and HMR) to nucleate repressive chromatin (reviewed in Gasser and Cockell, 2001) , and several ORC subunits in flies and mammalian cells bind the chromodomain protein HP1 (Heterochromatin protein 1; reviewed in Hiragami and Festenstein, 2005) . A factor required for 60S ribosomal subunit biogenesis binds yeast ORC, implicating ORC in a regulatory cross-talk between DNA replication and ribosome biogenesis (Du and Stillman, 2002) . Finally, in both Drosophila and human cells, ORC has been implicated in the establishment of mitotic chromosome structure (Loupart et al., 2000; Pflumm and Botchan, 2001; Prasanth et al., 2002 Prasanth et al., , 2004 . Exactly how ORC contributes to these nonreplicative functions is unknown.
Here we have been able to characterize the role of Orc2 in post-S-phase events by means of an inducible depletion construct integrated in the yeast genome. We find that, once pre-RC formation is achieved, Orc2 depletion does not impair DNA synthesis, although in late G2 phase both the Mad2-spindle and the DNA-damage checkpoints are activated. The Mad2 checkpoint responds to incomplete SCC, and indeed, fluorescence microscopy confirms that the loss of Orc2 partially compromises cohesion. This can be restored in G2/M phase by the re-expression of the orc2 protein. Finally, we show that a genomic array of ARS elements, which recruit ORC but not Cohesin or Condensin, locally promotes cohesion in a Cohesindeficient background. Our findings implicate ORC in a secondary mechanism for the pairing of sister chromatids in mitotic cells.
RESULTS

Orc2
Depletion in Late G1 Phase Does Not Impair Initiation of DNA Replication but Induces a Transient G2/M Delay Although temperature-sensitive mutants have often been used to explore ORC function in yeast, in cell-cycle studies it cannot be excluded that residual activity or side effects of the temperature shift also contribute to the observed phenotypes. To circumvent this, we developed a strain in which efficient depletion of an essential ORC subunit could be readily induced. This mechanism is based on a previous report which showed that the orc2-1 point mutation renders the full-length orc2 protein very unstable (Shimada et al., 2002) . The orc2-1 mutation reduced the half-life of the protein to 8 min at 30 C, from the wild-type value of >2 hr. Even at permissive temperature (23 C), orc2-1 levels are only 10% of wild-type Orc2 levels, leading to inefficient origin firing and impaired intra-S-phase checkpoint activation. Intriguingly, both defects could be fully suppressed by overexpression of the mutant protein (Shimada et al., 2002) , arguing that the only defect of orc2-1 protein is its instability.
We exploited this phenotype to create a strain in which the only source of Orc2 is the genomic orc2-1 copy, which was placed under control of the GAL1 UAS promoter ( Figure 1A) . GAL:orc2-1 cells express orc2-1 at high levels on galactose and tightly repress the gene on glucose-containing medium (YPD). GAL:orc2-1 cells on galactose grew with wild-type kinetics at 23 C, 30 C, or 37 C, whereas the strain failed to divide on YPD. A depletion of orc2-1 during a 2 hr arrest in mitosis led to a uniform late G1-phase arrest in the subsequent cell cycle ( Figure 1B, left) , presumably due to a failure to initiate DNA replication. Western blot analysis confirmed that the high level of orc2-1 protein accumulated in GAL:orc2-1 cells on galactose was rapidly depleted when cells were placed on YPD media: Orc2 signal was undetectable by 60 min (Figure 1B, left) . Similar depletion rates were observed for both random and synchronized cultures, and rates were slightly faster at 37 C ( Figure 1B and data not shown).
The GAL:orc2-1 strain allowed us to examine the effects of eliminating orc2 after pre-RC nucleation had been completed. Cells cultured in galactose were blocked and maintained in late G1 phase by the presence of a factor, while orc2-1 was repressed by the addition of glucose. Western blots confirmed its complete depletion by 60 min (Figure 1B, right) . Nonetheless, after release from a factor, multiple early-firing origins were able to initiate DNA replication with an efficiency indistinguishable from that of wild-type cells (Shimada et al., 2002; and data not shown) . This suggests that DNA replication can initiate at preformed pre-RCs despite the depletion of orc2 protein.
It was possible that residual orc2-1, or other subunits of the complex, were protected within the pre-RC and remained able to promote initiation. In order to check the efficiency of orc2-1 depletion and its effect on other ORC subunits, we used an established chromatin fractionation technique ( Figure 1C ) that enriches origin DNA and pre-RC components in a Triton-insoluble chromatin fraction (Donovan et al., 1997; Liang and Stillman, 1997) . In wild-type cells both ORC and a subfraction of MCM proteins are recovered in the chromatin pellet, which represents less than 10% of total cellular protein (Pasero et al., 1999) . As a control for general chromatin integrity and recovery of the insoluble chromatin fraction, we monitored the presence of topoisomerase II, which was present equally in both wild-type and GAL:orc2-1 chromatin fractions. Western blots confirmed an efficient depletion of orc2-1 from the total and the chromatin fractions of cells shifted to glucose, while the Triton-insoluble complement of Orc1, Orc3, and Orc6 were reduced to 24%, 29%, and 23% of wild-type levels, respectively (Figures 1D and 1E) . The chromatin-bound MCM helicase subunit Mcm2 was also reduced to roughly 40% ( Figures  1D and 1E) , consistent with the proposal that ORC plays a role in the reiterative loading of MCM . This result argues that the integrity of the ORC complex is reduced by the depletion of orc2-1 in late G1 phase, leading to a significant loss of other essential ORC subunits from chromatin, even though their cellular levels are not significantly altered. Despite this, early origins fire efficiently under these conditions. We therefore conclude that Orc2 is dispensable for DNA replication once the pre-RC has been formed, consistent with observations made in Xenopus oocyte-based replication assays (Hua and Newport, 1998) .
FACS analysis of yeast cells from which orc2 was depleted in late G1 showed that progression through mitosis was significantly delayed despite efficient replication initiation from early origins. A large fraction of the orc2-depleted population remained in G2/M for at least 160 min after release from a factor arrest ( Figure 1B, right) . In contrast, similarly treated wild-type cells progressed through S and M phases rapidly, reaching the subsequent G1 phase by 100 min at 30 C. Consistent with an earlier report (Shimada et al., 2002) , replication forks appear to progress normally after orc2 depletion: during the first 40 min DNA content nearly doubled, yet there was no induction of the intra-S-phase checkpoint (see also Figure S1 in the Supplemental Data available with this article online). This observation is consistent with work showing that the progression of a yeast replication fork does not need the continued presence of an origin (Newlon et al., 1993) . Furthermore, it was reported that orc5-1 cells could replicate their genome completely at nonpermissive temperature before inducing a mitotic delay (Dillin and Rine, 1998) .
Orc2 Depletion in Late G1 Activates DNA-Damage and Mad2-Spindle Checkpoints in G2/M Given the lack of an intra-S-phase checkpoint response, we asked whether the observed G2-M delay could reflect activation of the mitotic checkpoint in response to either DNA-damage or spindle defects. Rad53 kinase activity is the standard reporter for DNA-damage checkpoint induction and can be monitored with an autophosphorylation assay (Pellicioli et al., 1999) . Using this, we first checked whether cells depleted for orc2-1 in a factor and subsequently released into fresh YPD induce Rad53 activity. Whereas we see no kinase activity at 0 to 40 min after release ( Figure S1 ), by 70 min there is a transient activation of Rad53 kinase, at a point that reflects a very late S or G2/M stage based on FACS analysis (Figures 2B and 2C) . This Rad53 activation was entirely eliminated by mutation of RAD9, a coactivator that specifically responds to strand breaks and telomere defects, but which is not needed for the S-phase checkpoint (Figures 2A and 2B) . Surprisingly, even though the rad9 mutation compromised Rad53 activation, FACS analysis showed only a slight acceleration of the G2/M transition in orc2-depleted rad9 cells. These results suggested that another pathway, such as the Mad2-dependent spindle checkpoint, might be activated and able to delay mitotic progression after Orc2 depletion (cf. wt,GAL:orc2-1 and GAL:orc2-1 rad9; Figure 2C ), as proposed for orc2-1 cells shifted to nonpermissive temperature (Garber and Rine, 2002) .
To score for activation of the Mad2-mediated checkpoint, we monitored the stability of Pds1, a target of both the DNA-damage and Mad2-spindle checkpoints, after depletion of orc2 in late-G1-phase cells. The DNAdamage response leads to a Chk1-dependent phosphorylation of Pds1, while Mad2 leads to Pds1 stabilization due (B) Rad53 is transiently activated in orc2-depleted cells in late S/G2 phase. Cell synchronization and orc2 depletion in G1 were carried out in wild-type (GA-1783), rad9 (GA-1782), GAL:orc2-1 (GA-1780), and GAL:orc2-1 rad9 (GA-1778) strains, as in Figure 1B . Cells were released into fresh YPD at 30 C, and samples were taken for the Rad53 autophosphorylation assay (Pellicioli et al., 1999) . Rad53 activation was also sensitive to mutations in rad24 or mec1.
(C) Exactly as in (B), except the samples were analyzed by FACS.
(D) Pds1 is stable in the absence of Chk1 in orc2-depleted cells. Cells carrying an endogenous copy of a PDS1-3HA in wild-type (GA-2169), chk1 (GA-2250), GAL:orc2-1 (GA-2170), or GAL:orc2-1 chk1 (GA-2251) backgrounds were synchronized for G1-phase orc2 depletion as in Figure 1B . Pds1-3HA protein levels and modification were monitored by Western blot using anti-HA (12CA5). Ponceau S staining of the same filter as a loading control.
(E) Deletion of both checkpoint pathways releases G2/M arrest due to orc2 depletion. Strains used for FACS analysis after G1-phase synchronization and orc2 depletion were wild-type (GA-1906), rad9 rad24 mad2 (GA-2029), GAL:orc2-1 (GA-1908), and rad9 rad24 mad2 GAL:orc2-1 (GA-2030).
to APC inhibition ( Figure 2A ). As expected, we detected a Chk1-dependent shift in Pds1 mobility by SDS-PAGE, in cells that had been shifted to YPD in late G1 phase ( Figure 2D ). To see if the Mad2 pathway had also been activated, we monitored Pds1 abundance in orc2-depleted cells lacking the Chk1 kinase. Indeed, after G1-phase orc2 depletion the nonphosphorylated Pds1 was again fully stable, suggesting that APC CDC20 had been inhibited by Mad2 ( Figure 2D ).
To confirm that the two checkpoint pathways are responsible for the delay in the G2-M transition, we scored cell-cycle progression in a GAL:orc2-1 strain compromised for both pathways, notably in cells deficient for rad9, rad24, and mad2. Following the depletion of orc2 in late G1 phase, these cells progressed through mitosis with the same kinetics as an isogenic ORC2 + strain (rad9 rad24 mad2 ORC + ; Figure 2E ). We conclude that both the DNA-damage and Mad2-spindle checkpoints are activated as cells progress beyond S phase without Orc2. In contrast, elimination of a further mitotic checkpoint protein, the Bab2/Bfa1 GAP, which antagonizes Tem1 activity and inhibits the mitotic exit network, had no effect (data not shown).
Orc2 Depletion Leads to Improper SCC Why should Orc2 depletion activate the Mad2-spindle checkpoint, given that ORC itself shows no particular enrichment at centromeres in G2/M-phase cells (Wyrick et al., 2001) ? Two scenarios were plausible. First, the absence of ORC might indirectly lead to kinetochore dysfunction. It has been shown that, in mammals, Orc6 and Orc2 localize to the kinetochore, and downregulation of these subunits by siRNA resulted in an abnormal M-phase arrest, together with replication defects (Prasanth et al., 2002 (Prasanth et al., , 2004 . Kinetochore dysfunction had not, however, been rigorously tested in temperature-sensitive or ORCdepleted yeast. The second option was that Orc2 depletion might impair SCC, and that this defect in turn would activate the Mad2-spindle checkpoint and delay the cell cycle in G2/M (Mayer et al., 2001; Skibbens et al., 1999) .
By tagging chromosomal loci with an array of lac operators that binds a lac repressor-GFP fusion, we were able to monitor the effect of orc2 depletion on SCC (Straight et al., 1996) . We compared the efficiency of chromatid pairing in wild-type and GAL:orc2-1 cells using lac op insertions at three locations on different chromosomal arms. Cells were arrested in G1, as described above, and were released from the block in the presence of the microtubule-destabilizing drug nocodazole. GFP signals were monitored by high-resolution 3D fluorescence microscopy, and the percentage of pre-anaphase cells bearing two GFP spots was scored. As established in the initial studies that identified cohesin mutants (Guacci et al., 1997; Michaelis et al., 1997) , impaired SCC leads to the presence of a GFP doublet in nocodazole. We scored the percentage of double spots in both wild-type and orc2-depleted cells as they accumulated in mitosis after an a factor block and noted a striking increase in the frequency of separated sisters at three loci-the centromere-proximal TRP1 locus, the telomere-proximal ARS609, and an internal region on chromosome 14, ARS1413 ( Figure 3A) . Surprisingly, a lac op tag near the URA3 gene did not show significant loss of SCC upon orc2-1 depletion, suggesting that the effects vary along chromosome arms (see Discussion). Nonetheless, >30% of the orc2-depleted cells accumulated separated sisters at three different loci, the classic symptom of impaired SCC. These assays are performed in nocodazole to eliminate microtubule forces on sisters, which can enhance chromatid separation due to premature microtubule elongation and/or ectopic attachment. Indeed, even centromereproximal loci can separate prior to the M-A transition due to spindle pulling forces, although a sufficiently tight SCC can also resist precocious separation (Goshima and Yanagida, 2000; He et al., 2000; Tanaka et al., 2000) . We next examined whether the centromere-proximal TRP1 locus would show precocious separation in the absence of nocodazole following orc2 depletion. Rather than scoring a population representing different cell-cycle stages, we performed this assay by observing individual wildtype or orc2-depleted cells with time-lapse confocal microscopy as cells progressed from late S into mitosis. Unlike wild-type cells, in which tagged metaphase centromeres separate rapidly and unidirectionally into the daughter cell, the dual TRP1-GFP signals in orc2-depleted cells remained close but unpaired and jumped dramatically within the mother nucleus ( Figure 3B ; see Movie S1 [wild-type] versus Movies S2 and S3 [Gal:orc2-1] in the Supplemental Data). Occasionally the tagged loci shifted back and forth between mother and daughter cells during the checkpoint-induced G2/M delay, reflecting microtubule attachment. Still, they remained precociously separated, as observed in cells blocked with nocodazole (Figures 3A and 3B) . Neither the shifting movement nor the prolonged separation was observed in wild-type cells.
We next examined whether this compromised SCC was provoked by either the DNA-damage checkpoint or by the ensuing nuclear movement. To test this we activated the DNA-damage checkpoint in both wild-type and orc2-depleted strains bearing lac op sequences at TRP1 with Zeocin, an antibiotic that creates DNA double-strand breaks (Giannattasio et al., 2004) . Zeocin indeed induced a prolonged G2/M arrest due to Rad53 and Chk1 activation (data not shown), and this was accompanied by the rapid shifting of loci back and forth between mother and daughter cells (Movies S4 and S5). However, throughout this checkpoint-induced delay, sister chromatids remained tightly paired: well-paired sisters moved as a single focus between mother and daughter nuclei, rather than as the doublet seen in orc2-depleted cells ( Figure 3C) . Thus, the DNA-damage response does not per se induce loss of SCC, nor does Zeocin suppress the cohesion defect provoked by orc2-1 depletion: 25%-35% of sisters were consistently unpaired after orc2 depletion ( Figure 3C ). We conclude that the impaired cohesion in orc2-depleted cells is neither a side effect of an extended G2/M phase nor the result of DNA damage.
To rule out the possibility that the cohesion defects stem from aberrations that arise from replication in the absence of ORC, we altered the depletion protocol. We allowed S phase to be completed in the presence of ORC and then depleted orc2-1 in late G2-M. To do this, ORC2 and GAL:orc2-1 strains bearing the TRP1-GFP tag were blocked with nocodazole for 2 hr and then shifted to nocodazole-supplemented YPD for an additional 1.5 hr. By scoring the frequency of double spots at this point, we again detected a strong loss of SCC in GAL:orc2-1 cells (50% double spots; Figure 3D ), despite the apparently normal completion of S phase. It appears, therefore, that the observed precocious sister separation is a primary defect of Orc2 depletion, and that ORC is necessary to maintain SCC after DNA replication.
Cohesin Is Stable and Bound to Chromatin in Orc2-Depleted Cells We examined two likely hypotheses for an orc2-dependent loss of SCC. The depletion of ORC might either promote a precocious cleavage of the Cohesin subunit Scc1, or it might prevent the proper loading of Cohesin onto chromosomes. Because Separase is normally activated at the M-A transition to cleave Scc1, we monitored stability of this ''closure'' protein in the orc2-depleted strains by means of epitope-tagged Scc1. Using live fluorescence we could see that Scc1-GFP remained stable in orc2-depleted cells throughout the dramatic movement of replicated chromosomes (shown for 47 min, Figure 4A ), whereas it was degraded at roughly 10 min after the G2 nucleus moved to the bud neck in wild-type cells ( Figure 4A ). Only after much longer time periods (>120 min post-G2) were we able to monitor Scc1 cleavage and the subsequent progression through mitosis in orc2-depleted cells (Movies S6 and S7). Time-lapse imaging of Scc1-GFP highlights the reversible movement of chromosomes between mother and daughter cells after orc2 depletion.
We next examined the stability of Scc1-Myc in an orc2-depleted culture released synchronously from a factor arrest by Western blot analysis ( Figure 4B ). We observed rapid Scc1 cleavage during wild-type mitosis, while in the orc2-depleted strain Scc1 persisted for up to 180 min. Thus, the sister separation observed in the GAL:orc2-1 strain on glucose does not reflect precocious Scc1 cleavage.
Although Cohesin is stable, it might not be chromatin bound in orc2-depleted cells. Indeed, in a cell-free Xenopus egg system the recruitment of Cohesin to chromatin requires formation of the pre-RC (Gillespie and Hirano, 2004; Takahashi et al., 2004) . Therefore, we monitored the association of two Cohesin subunits, Scc1 and Scc3, with a Triton-insoluble chromatin fraction in both wild-type and orc2-depleted cells. We see an equal recovery of Cohesin subunits in the chromatin fraction both with or without Orc2, and in both G2/M-phase ( Figure 4C ) and S-phase (data not shown) cells. This suggests that the depletion of orc2 in late G1 phase does not impair the association of Cohesin with chromatin.
Cohesin Distribution Is Unchanged by Orc2 Depletion
We next examined whether Cohesin was properly distributed along chromosome arms in both wild-type and orc2-depleted cells by chromatin immunoprecipitation (ChIP) for Scc1-Myc. Coupling ChIP with real-time PCR, we quantified the amount of Scc1 recovered at CEN4 (12 kb away from TRP1 locus) and at the YMR31 locus, which is the closest Cohesin-binding site to ARS609 (Glynn et al., 2004; Lengronne et al., 2004 ). Both these sites had shown a loss of SCC by the GFP-lac op doublet assay ( Figure 3A) . However, the depletion of orc2 had no effect on the amount of Scc1 we could recover with CEN4 and YMR31 sequences ( Figure 4D ). Moreover, the absence of Scc1 at a locus adjacent to TRP1 (SOK1, Figure S2 ) was similar in both wild-type or orc2-depleted cells. Cohesin has also been shown to preferentially accumulate at sites where transcription units converge (Glynn et al., 2004; Lengronne et al., 2004) . To see if this distribution was altered by orc2 depletion, we monitored Scc1 binding at and around a well-characterized site on the right arm of Chr5 by multiplex ChIP ( Figure 4E ). Again we detect nearly identical Scc1 distributions over a 30 kb domain (Figure 4E ), arguing that orc2 depletion does not mislocalize or impair Cohesin distribution.
Orc2 Depletion Is Additive with smc1-2 and eco1-1 Defects We considered that ORC might nonetheless contribute to Cohesin-mediated cohesion in a manner that was undetectable by the assays presented above, yet which might be revealed genetically. To check this, we asked whether orc2-depletion phenotypes were epistatic to defects in either a structural component of Cohesin or in the Eco1-mediated loading mechanism by introducing the GAL: orc2-1 construct into either a smc1-2 or a eco1-1 (B) Sister chromatids at a subcentromeric locus precociously separate in orc2-depleted cells. TRP1-GFP-tagged wild-type and GAL:orc2-1 cells were cultured and synchronized as described in (A). Cells were released into SD -his for 80 min, and GFP images (3D scanning every 10 s) were taken of live cells with a LSM510 confocal microscope (Zeiss). Three-dimensional image projections at 30 s intervals are shown.
(C) The G2/M block provoked by DNA-damage checkpoint does not lead to precocious sister-chromatid separation. Wild-type (GA-2146) and orc2-depleted (GA-2147) cells were synchronized as in (A) and released into S phase without nocodazole. When 20%-30% of cells had small buds (30 min), 20 mg/ml Zeocin was added, and cells were fixed after 120 min. GFP doublet signals were monitored on n R 100 cells. See Supplemental Data +Zeo-TRP1-GFP-movie.
(D) Depletion of orc2-1 in G2/M impairs sister-chromatid cohesion. cdc16 (GA-2295) and cdc16 GAL:orc2-1 (GA-3006) cells bearing lac op -tagged TRP1 were cultured in YPG (2% gal, 25 C). Cells were blocked in G2/M (15 mg noc/ml; 2 hr) and then shifted to 30 C in YPD + noc for 1.5 hr.
Cells were fixed at time 0 and 1.5 hr in YPD. SCC was scored as in (A).
background. The temperature-sensitive smc1-2 mutation induces a dramatic increase in chromosome loss during mitosis (Strunnikov et al., 1993) . Using lac op -GFP insertions near CEN4, we scored the frequency of sister separation in nocodazole after a synchronous release from a factor arrest into YPD at 30 C. As expected, GFP doublets occurred frequently in G2-phase cells carrying the smc1-2 mutation (30%), while cells depleted for orc2-1 accumulated 20% unpaired CEN4 loci ( Figure 5A ). However, when combined, the effects of the two mutations were additive at semipermissive temperature (30 C; Figure 5A) . Similar results were observed when orc2-1 depletion was coupled with a mutation in the acetyltransferase Eco1, a protein that acts during DNA replication to establish SCC (Ivanov et al., 2002; Skibbens et al., 1999; Toth et al., 1999) . ECO1, like SMC1, is an essential gene in yeast, yet the eco1-1 allele shows a significant defect in cohesion at 30 C (50%; Figure 5B ). The additive effect of orc2 depletion with these mutations again suggests that ORC may be functioning on a parallel or separate pathway to facilitate sister pairing.
Reinduction of orc2-1 Restores SCC
It has been demonstrated that Cohesin can bind chromatin but cannot re-establish SCC when its activity is restored after replication, i.e., in G2-or M-phase cells (Uhlmann and Nasmyth, 1998) . This provided evidence that cohesion is established exclusively during DNA replication. Confirming this, cell lethality due to the loss of Cohesin function was shown to be irreversible, even if functional Cohesin was restored during an extended arrest in G2 phase (Uhlmann and Nasmyth, 1998) . In order to distinguish the orc2-linked defect in SCC from defects in Cohesin function, we tested the reversibility of the orc2-depletion phenotype. To do this we first monitored the ability of cells to recover from a G2/M arrest after 1-2 hr of orc2 depletion. Although there is significant precocious sister-chromatid separation under these conditions, the reinduction of GAL: orc2-1 during a G2-phase arrest allowed resumption of cell growth with little or no lethality, yielding efficient colony formation on galactose plates ( Figure S3 ). If similarly treated GAL:orc2-1 cells were plated onto glucose, no cells survived due to orc2 repression. In contrast, we found that when eco1-1 was inactivated at 30 C, cell viability was dramatically reduced on either glucose or galactose, upon replating at permissive temperature.
If ORC has a role in SCC distinct from Cohesin, we reasoned that the reinduction of orc2 in G2 phase might be able to restore pairing. On the other hand, if ORC acts only through Cohesin, then the reinduction of orc2-1 in G2 phase would probably have no effect. We examined these possibilities with live confocal microscopy of orc2-depleted cells bearing the subcentromeric TRP1-GFP marker. We monitored cohesion in G2 cells before and after the reinduction of GAL:orc2-1, which was achieved by switching from glucose-to galactose-containing medium. In Figure 6A , we show projected images from typical 3-D time-lapse movies of GAL:orc2-1, smc1-2, and smc1-2 GAL:orc2-1 cells. Remarkably, once orc2-1 was induced in the GAL:orc2-1 strain, the separated GFP spots started to rejoin, with kinetics that were comparable with the reappearance of orc2-1 protein ( Figure 6A , Figure S4 , and Movie S8).
The frequency of singlet versus doublet GFP spots was scored on a frame-by-frame basis over several movies for each strain. With longer exposure to galactose, the percentage of GAL:orc2-1 cells bearing a single spot for the two sister loci increased significantly ( Figure 6B ; see Movie S8). While galactose had no effect on the lack of pairing in the smc1-2 mutant alone, we also note that Orc2 reinduction did not efficiently promote reassociation of GFPtagged sisters in the double smc1-2 GAL:orc2-1 strain (Movies S9 and S10). This suggests that the restoration of ORC cannot suppress or bypass the cell's requirement for Cohesin. Nonetheless, when Cohesin was present, the G2-M re-expression of orc2-1 restored pairing (Figures 6A and 6B) . Related to this, we note that even in glucose the unpaired sister chromatids in orc2-depleted cells show transient and intermittent interactions ( Figure 3B ; Movies S2 and S3), suggesting that Cohesin-mediated cohesion ensures that sisters are never far apart, even in the absence of ORC. This juxtaposition may facilitate the observed restoration of SCC upon orc2-1 reinduction.
After performing Orc2 reinduction during a 2 hr period on galactose, we fractionated yeast into chromatin-bound and soluble subfractions. The orc2-1 protein is not only Figure 3B , except a single focal image was taken each 20 s. Selected images are shown (timescale: min). See movies in the Supplemental Data. (B) Wild-type (GA-2203) and GAL:orc2-1 (GA-2216) cells were blocked in G1 (1.5 hr YPG and 1.5 hr YPD) and released in fresh YPD. Western blot of total proteins was probed for Scc1-18Myc protein with Mab9E10. (C) Wild-type and GAL:orc2-1 cells carrying the integrated Scc1-18Myc (see [B] ) or Scc3-18Myc fusions (wild-type GA2204 and GAL:orc2-1 GA-2218) were synchronized in G1 as in (B) and released into YPD + 15 mg/ml noc. Chromatin fractionation was carried out after 120 min release from G1. Total spheroplast (T), soluble (S), and chromatin pellet (P) fractions were probed with anti-Myc (9E10), anti-Top2, or anti-Orc2 antibodies. The same filter was stained with Ponceau S. (D) ChIP analysis for Scc1-18myc was carried out in G2-arrested cells. Real-time PCR was carried out with a primer pair probed for CEN4 or YMR31 (the closest Cohesin-binding site to ARS609; see Figure S3 ). Fold enrichment over FAB1 locus was plotted. Standard deviation of the mean was calculated from all available data. (E) ChIP analysis spanning 40kb-Tel5R-proximal region was carried out with primer pairs that amplify loci a-d. Graph at right shows signal intensity in Scc1-IP relative to the input signal. Arrows indicate the orientation of known genes.
resynthesized but it also associates with chromatin with kinetics similar to the restored pairing events ( Figure 6C ). This reversibility makes it unlikely that ORC acts by promoting Cohesin loading, because the reversal of cohesin inactivation was unable to restore SCC in G2/M (Uhlmann and Nasmyth, 1998) .
Targeted Arrays of ORC Sites Locally Suppress Sister Separation Due to Loss of Cohesin
Together with the double-mutant phenotypes, these results argue for a second pathway of sister-chromatid pairing that depends on ORC, and which acts in parallel to Cohesin. It remained to be seen whether ORC-promoted interactions could suppress or substitute for the Cohesin ring. ORC is normally bound at ARS elements spaced at about 30 kb intervals along the chromosome, and this binding is unaltered in Cohesin mutants. Thus, this frequency of ORC binding must be insufficient to suppress the premature SCC found in cohesin mutants. On the other hand, we reasoned that a large array of ORC-binding sites might suppress separation in the absence of functional Cohesin, promoting a localized pairing of sisters in a Cohesin-independent manner.
At the tet op -tagged URA3 locus on chromosome 5, an array of 20 ARS1 elements was inserted to provide a highaffinity binding site for ORC both in wild-type cells and in a smc1-2 background, which at nonpermissive temperature promotes extensive sister-chromatid separation at URA3 (Michaelis et al., 1997) . As a control for ORC binding, we created a second strain bearing a similar array in which each 11 bp ARS consensus was rendered nonfunctional for ORC recognition ( Figure 7A ; Kawasaki et al., 2006) . As expected, at nonpermissive temperature (37 C) the separation of the replicated sister URA3 loci was highly significant (53%) in the smc1-2 strain bearing the mutant ars1 array ( Figure 7A ). However, in the presence of the wild-type ARS1 array we scored a significant reduction in separated sister chromatids (doublet frequency was reduced to 21%). Although the restored pairing in this case is partial, we see a significant restoration of SCC at the URA3 locus despite the smc1-2 defect that inactivates Cohesin.
To examine the mechanism of ORC-mediated pairing, we examined which proteins were recruited to the ARS array by ChIP. Quantitative PCR was performed with primers that specifically amplify the third ARS repeat (of the 5-mer unit), which was present in four copies near URA3 ( Figure 7B ). These primers also amplify the mutant ars array, allowing us to present qPCR results as a ratio of wild-type over mutant array signals. To confirm that the arrays do bind ORC, antibodies recognizing four of the ORC subunits were pooled for ChIP (kind gift of B. Stillman, Cold Spring Harbor, NY). Indeed, a robust enhancement is detected for ORC at the wild-type ARS array (13-fold) over the mutant array ( Figure 7B ). To see if ORC might be recruiting either Cohesin or Condensin to the array, we immunoprecipitated components of either complex, notably Scc1 and Brn1, the two kleisin subunits that close the respective molecular ring. We could not detect any significant binding of Cohesin or Condensin at either the wild-type or mutant ARS array ( Figure 7B ).
Similar results were obtained for other candidates which are known ORC-interacting factors, such as Sum1 (Irlbacher et al., 2005) and the silent information regulatory complex (SIR2-3-4). SIR complexes are recruited by ORC at silencers to promote repression and are known to form multimers (reviewed in Gasser and Cockell, 2001) . However, we did not recover significant levels of Sir2 at the cohesion-mediating ARS array ( Figure 7B ). The repressor Sum1 did show a weak, 2-fold enrichment at the ARS array ( Figure 7B ), yet when we examined SCC in a complete SUM1 deletion, we found no cohesion defect (data not shown). Its weak enrichment and the lack of a cohesion defect in the null allele argue against a role for Sum1 as the bridging factor for ORC-mediated cohesion. Importantly, the above analysis allows us to conclude that a sufficient density of ORC binding promotes a localized pairing of sister chromatids in the absence of functional Cohesin.
DISCUSSION
ORC Mediates Sister Chromatin Interaction in Parallel to Cohesin
The hexameric ORC acts as a chromosomal landmark that defines origins of DNA replication by recruiting (B) Left: Time-lapse images from (A) were scored for two GFP spots at 5 min intervals after readdition of galactose. Mean percentages are averaged over multiple movies for either GAL:orc2-1, smc1-2, and smc1-2 GAL:orc2-1 strains. Right: Cells were fixed at 10 min intervals after readdition of galactose. GFP doublets were scored, and percentages are plotted normalized to time 0 values (total n R 200). GFP doublet percentages at time 0 were 29%, 39%, and 68% in GAL:orc2-1, smc1-2, and smc1-2 GAL:orc2-1, respectively. (C) Chromatin fractionation as in Figure 1C using wild-type (GA-1887) and GAL:orc2-1 (GA-1878) cells before and after 60 min on galactose. The Western blot shows that orc2-1 reassociates with chromatin after reinduction.
components of the pre-RC in early G1 phase. By depleting yeast cells of Orc2 after pre-RC formation, we have shown that SCC is partially compromised by Orc2 depletion even though Cohesin appears to be properly loaded onto chromatin. The effects are distinct from the role of ORC in replication, since we can provoke the loss of cohesion by depleting Orc2 in nocodazole after completion of S phase ( Figure 4D ). Genetic evidence argues that the ORC-related defects in SCC are additive with those arising from improper loading of Cohesin. Indeed, the cohesion defects related to orc2 depletion could be reversed by reinducing orc2-1 in G2-phase cells, which is not the case for Cohesin (Figure 6 ). Finally, and most conclusively, we show that an array of ORC-binding sites can locally restore sister-chromatid interaction in a smc1-2 mutant at nonpermissive temperature ( Figure 7A ). These cells do not have a functional Cohesin complex, nor is Cohesin recruited to the array. Taken together these data argue strongly that yeast has an ORC-mediated pathway that helps sister chromatids pair. It acts independently of Cohesin, particularly if ORC-binding sites are inserted as an array. Figure 7C suggests a model for cooperation between ORC and Cohesin sister-pairing mechanisms. Recently, a global synthetic lethal screen demonstrated that temperature-sensitive ORC mutants have a strong synthetic interaction with mutants that impair SCC (Suter et al., 2004) . Synthetic lethality at permissive temperature was scored for orc5-1 and orc2-1 in combination with either a Cohesin mutant (scc1-73) or with mutants in the CTF18-RFC complex, leading these authors to propose that ORC might have a role in SCC (Suter et al., 2004) . A mitotic function for ORC had been previously suggested based on the mitotic delay of orc5-1 mutants (Dillin and Rine, 1998) . Our data extend these genetic arguments to show that ORC is an integral component of a second pathway that can promote sister chromatin cohesion in parallel to that mediated by Cohesin. Although under normal circumstances ORC-mediated pairing does not replace Cohesin, it could serve as a backup mechanism to ensure sister interactions when Cohesin fails to encircle the Cells were cultured at 23 C and then shifted to 30 C for 1 hr, then 37 C for 1 hr, in the presence of 15 mg/ml noc. SCC was scored as in Figure 3A .
(B) PCR primers amplify the middle unit of the 5xARS unit of both mutant and wild-type arrays. ChIP was performed with a mixture of Mabs to ORC (Orc1, Orc2, Orc3, and Orc4), an affinity-pure anti-Sir2, and epitope-specific monoclonals against Sum1-3FLAG, Brn1-3HA, or Scc1-18Myc, in nocodazole-arrested cells bearing either the wild-type or mutated ARS1 array. ARS1 recovery was normalized to a nonspecific control locus (FAB1), and data are presented as fold enrichment of wildtype ARS1 over mutant ars1 signals. Standard deviation of the mean was calculated from all available data.
(C) A model suggesting that ORC promotes SCC by forming a bridge between sisters that is independent of the Cohesin ring. Bridging molecules remain to be identified.
replicated chromatids, or before Cohesin is actively recruited to sites of damage (Strom et al., 2004; Unal et al., 2004) . Finally, in multicellular organisms that have differentiated cell types, there may be situations in which the pairing of non-sister loci requires a mechanism other than Cohesin, to mediate long-range chromosomal interactions. ORC would be a strong candidate for fulfilling this function.
How Does ORC Mediate Pairing?
We entertained four models for ORC's pairing mechanism. First, we note that ORC binds at 30-40 kb intervals along all chromosome arms, yet has only minor overlap with Cohesin-binding sites (Glynn et al., 2004; Lengronne et al., 2004; Wyrick et al., 2001 ). We initially thought that ORC might serve as a boundary to keep Cohesin or other bridging factors properly distributed, yet we found that Scc1 distribution was unaffected by depletion of orc2 ( Figure 4 ). We do find variation in the sensitivity of different chromosome loci to orc2 depletion. We detect loss of pairing near a telomere, near centromeres, and in the middle of a long chromosomal arm, yet one locus, URA3, which is a high-affinity site for Cohesin (Megee et al., 1999) , showed no significant SCC defect in the orc2-depleted strain (data not shown). This agrees with results obtained in orc5-1 and orc2-1 mutants at nonpermissive temperature (Suter et al., 2004) . Nonetheless, at this locus, insertion of an ARS array allowed the suppression of sister separation in a cohesin mutant (Figure 7A) , thus ORC is able to function near URA3 when sufficiently enriched at the site. We propose that this variability reflects an unequal requirement for and distribution of both Cohesin and ORC complexes (Wyrick et al., 2001; Lengronne et al., 2004) . Importantly, the presence of the chromosomal lac op of tet op arrays used for monitoring pairing status neither favors nor excludes SCC.
Two additional mechanisms for ORC-mediated pairing might reflect (1) its ability to establish a specific chromatin structure that promotes pairing, or (2) its ability to recruit a specific ''bridging'' factor other than Cohesin. Finally, a fourth model postulates that ORC-ORC interactions themselves link sister chromatids. Consistent with this last possibility, we note that ORC is a multicomponent complex with many interactions among its subunits (Bell, 2002) . However, in in vitro binding assays ORC and the origin sequence ARS1 form a 1:1 stoichiometric complex and not a dimer or multimer (Chastain et al., 2004) . Furthermore, it seems that not every ARS-bound ORC is sufficient to mediate pairing in trans, since an episome of repressed chromatin was shown to require both a silent chromatin state and Cohesin to remain associated with its sister after replication, although the episome contained silencer-associated ORC (Chang et al., 2005) . This may indicate that context-dependent ORC modifications regulate its ability to mediate pairing, or else that other factors are selectively recruited by ORC to facilitate sisterchromatid interactions. Taking a candidate approach, we monitored whether Condensin, SIR complexes or the ORC binding mediator of transcriptional silencing, Sum1, were involved in the ORC-mediated pairing. We see no significant enrichment for these factors at the ARS array, which is able to promote ORC-dependent pairing, yet we cannot rule out the possibility that other unknown ORC ligands mediate sister-chromatid interaction. We would predict that such factors, like ORC and Cohesin, are conserved across evolution.
Heterochromatin and Unusual Pairing Events ORC-mediated pairing may be particularly important for specialized chromosomal domains. In yeast these may be telomeres or possibly rDNA repeats. Indeed, it was shown that yeast rDNA cohesion occurs independently of Cohesin, and that its resolution requires Condensin and Cdc14 (D'Amours et al., 2004; Sullivan et al., 2004) . A recent report in budding yeast indicates that, at regions other than telomeres and centromeres, Condensin also contributes to SCC (Lam et al., 2006) . Similarly, it has been shown in C. elegans, which has dispersed but no localized centromeric repeats, that sister chromatids remain linked in embryos that are depleted for Cohesin subunits by RNAi (Moore et al., 2005) . Finally vertebrate cells (chicken DT40) show sister-chromatid alignment in mitosis despite a depletion of Scc1 (Sonoda et al., 2001 ). These results provide further evidence for the existence of a Cohesinindependent mode of pairing. It remains to be tested whether or not these alternative pathways involve ORC.
ORC has a particularly pronounced association with heterochromatin in most organisms, a phenomenon best documented in flies (Pak et al., 1997) and mammals (Prasanth et al., 2004) . The widely conserved clustering of heterochromatic domains in interphase nuclei may be a manifestation of ORC-promoted interactions. In species other than budding yeast, ORC association with heterochromatin is largely mediated by its interaction with the chromodomain of HP1. HP1 itself dimerizes by means of its chromoshadow domain (Hiragami and Festenstein, 2005) , and could thereby bridge between ORC complexes in trans. A potential adaptor in such a phenomenon is a zinc-finger DNA-binding factor called HOAP, which is an HP1-and ORC-associated protein (Badugu et al., 2003) . The loss of HOAP causes numerous mitotic defects, including a mislocalization of HP1, abnormal centromeric heterochromatin, and aberrant telomeric fusions (Cenci et al., 2003) . We note that the mutation of ORC itself leads to mitotic defects in flies (Loupart et al., 2000; Pflumm and Botchan, 2001) , and that ORC depletion in mammalian cells routinely yielded mitotic, in addition to replicationspecific, defects (Prasanth et al., 2002 (Prasanth et al., , 2004 .
We propose that the role of ORC in long-range interactions in mammalian cells may be related to its intimate association with heterochromatin proteins. While Sir2 appears not to be involved in the ORC-mediated pairing in budding yeast, we do not rule out the possibility that an altered chromatin structure is crucial for the pairing event. In addition, we note that the pairing and segregation of achiasmatic sex chromosome during the male fly meiosis requires heterochromatin and two proteins, SNM and MNM, which do not colocalize with Cohesin (Thomas et al., 2005) . Whether ORC functions in this phenomenon is unknown.
Orc2 Depletion and DNA Replication
The depletion of orc2 in late G1 phase induced a DNAdamage response in late S or G2/M, although replication appears to initiate normally from early firing origins (Shimada et al., 2002) . We do not know the nature of the damage arising in late G2, but we can rule out the possibility that orc2-induced SCC defects arise from aberrant replication, since SCC is also impaired when orc2 depletion is delayed until late G2. Moreover, pairing is restored in late G2 upon reinduction of orc2-1, with no detectable DNA synthesis (data not shown). Finally, it is also intriguing to note that the DNA-damage checkpoint is not induced if orc2 is depleted after the initiation of replication (i.e., in HUarrested cells), even though precocious sister separation and Mad2 checkpoint activation are induced (data not shown).
In summary, we have been able to demonstrate that ORC has a role in SCC quite apart from its function in pre-RC assembly and the initiation of replication. We suggest that ORC promotes the cohesion of replicated sister chromatids on a pathway that is additive to that mediated by Cohesin. Given the universal conservation of ORC and its broad distribution, this mechanism is likely to occur throughout the eukaryotic kingdom.
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